Retinal ischemia is commonly associated with multiple retinal diseases, such as glaucoma, anterior ischemic optic neuropathy, retinal and choroidal vessel occlusion, diabetic retinopathy, and traumatic optic neuropathy.^[@i1552-5783-57-10-4476-b01]^ However, due to the absence of effective therapies for retinal ischemia, these diseases remain common causes of blindness.^[@i1552-5783-57-10-4476-b01]^ Therefore, it is important to understand the underlying events that contribute to ischemic retinal degeneration and the developing drugs that target these processes.

Sphingolipids are a class of lipids containing 18-carbon amino-alcohol backbones called sphingosines. They were initially identified as important structural components of cell membranes; however, they are now also recognized as vital regulators of diverse biological processes, including vascular angiogenesis, cell growth arrest, cell differentiation, apoptosis, chemotaxis, inflammation, and neuronal degeneration.^[@i1552-5783-57-10-4476-b02],[@i1552-5783-57-10-4476-b03]^ In the eye, studies have shown that sphingolipid signaling plays important roles in the homeostasis of photoreceptors and retinal pigment epithelium and the modulation of conventional outflow resistance.^[@i1552-5783-57-10-4476-b04][@i1552-5783-57-10-4476-b05][@i1552-5783-57-10-4476-b06][@i1552-5783-57-10-4476-b07][@i1552-5783-57-10-4476-b08][@i1552-5783-57-10-4476-b09][@i1552-5783-57-10-4476-b10]--[@i1552-5783-57-10-4476-b11]^ However, the roles of these molecules in retinal ischemic injury are unknown.

Sphingomyelinases are enzymes that catalyze the hydrolysis of sphingomyelin to ceramide, a central modulator of inflammatory cytokines and apoptotic signaling.^[@i1552-5783-57-10-4476-b12]^ To date, the following multiple sphingomyelinases have been identified: acidic, secretory, Mg^2+^-dependent neutral, and Mg^2+^-independent neutral, and alkaline sphingomyelinase.^[@i1552-5783-57-10-4476-b13],[@i1552-5783-57-10-4476-b14]^ Both the acid sphingomyelinase (ASMase) and Mg^2+^-dependent neutral sphingomyelinase (NSMase) are considered two major candidates for mediating stress-induced production of ceramide.^[@i1552-5783-57-10-4476-b15]^ This study focused on ASMase, as the activity of this enzyme is optimized and accounts for most of the sphingomyelinase activity under acidic conditions, as occurs in the retina following ischemia.^[@i1552-5783-57-10-4476-b16][@i1552-5783-57-10-4476-b17]--[@i1552-5783-57-10-4476-b18]^ Upon cell stimulation, ASMase is translocated from intracellular compartments to the plasma membrane outer leaflet, which is enriched in sphingomyelin and represents the substrate pool for ceramide production.^[@i1552-5783-57-10-4476-b19][@i1552-5783-57-10-4476-b20]--[@i1552-5783-57-10-4476-b21]^ Hydrolysis of sphingomyelin into ceramide by sphingomyelinase facilitates receptor clustering, inflammatory signaling, and apoptosis.^[@i1552-5783-57-10-4476-b22],[@i1552-5783-57-10-4476-b23]^

The activation of ASMase is an early response to various cellular stresses^[@i1552-5783-57-10-4476-b15]^ and precedes ceramide production, which accelerates the signaling pathways involved in cell death. Previous publications have shown that elevation of ceramide levels occurs in various in vivo ischemia models, including heart,^[@i1552-5783-57-10-4476-b24][@i1552-5783-57-10-4476-b25][@i1552-5783-57-10-4476-b26][@i1552-5783-57-10-4476-b27][@i1552-5783-57-10-4476-b28]--[@i1552-5783-57-10-4476-b29]^ brain,^[@i1552-5783-57-10-4476-b30][@i1552-5783-57-10-4476-b31][@i1552-5783-57-10-4476-b32][@i1552-5783-57-10-4476-b33][@i1552-5783-57-10-4476-b34]--[@i1552-5783-57-10-4476-b35]^ liver,^[@i1552-5783-57-10-4476-b36],[@i1552-5783-57-10-4476-b37]^and kidney.^[@i1552-5783-57-10-4476-b38]^ In the brain, the upregulation of ASMase activity is responsible for the ischemia-induced rise in astroglia ceramide levels.^[@i1552-5783-57-10-4476-b39]^ The extent of tissue damage in the ischemic brain, heart, and liver can be attenuated by the genetic deletion of ASMase, or in vivo administration of an ASMase inhibitor such as desipramine or short interfering RNA.^[@i1552-5783-57-10-4476-b28],[@i1552-5783-57-10-4476-b35],[@i1552-5783-57-10-4476-b40]^ In the eye, Opreanu et al.^[@i1552-5783-57-10-4476-b41],[@i1552-5783-57-10-4476-b42]^ provided evidence that cytokine-induced inflammatory signaling can be suppressed by down-regulating ASMase in human retinal endothelial cells. However, the role of ASMase in ischemia-induced retinal neuronal degeneration has not been investigated. The purpose of this study was to investigate whether sphingolipid signaling is involved in retinal ischemic injury and whether suppression of ASMase expression suppresses the ischemic injury.

Materials and Methods {#s2}
=====================

Animals {#s2a}
-------

The ASMase knockout mice on a C57/BL6 background were the generous gift of Edward H. Schuman (Icahn Medical Institute, New York, NY). Heterozygous (ASMase^+/−^) mice were bred and genotyped as previously described.^[@i1552-5783-57-10-4476-b43]^ Animals were reared under 12L:12D conditions with ambient light intensity (150 ± 20 lux). Mice 10 to 12 weeks of age were used for the experiments. Because previous studies have demonstrated that ASMase knockout mice exhibit outer retinal dysfunction and degeneration,^[@i1552-5783-57-10-4476-b44]^ ASMase^+/−^ mice were used for most of the experiments in this study. In select experiments, wild-type control mice were treated with the ASMase inhibitor desipramine (Sigma-Aldrich Corp., St. Louis, MO, USA). For those experiments, desipramine was dissolved in 1× phosphate-buffered saline (PBS; 0.8 mg/mL) and injected intraperitoneally (10 mg/kg) 1 hour before the retinal ischemia injury. Control animals were injected with an equal volume of sterile 1× PBS.

All experiments were performed in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research; and the study protocol was approved by the MUSC Animal Care and Use Committee.

Retinal Ischemia {#s2b}
----------------

Retinal ischemia was induced using techniques described previously^[@i1552-5783-57-10-4476-b45]^ with minor modification. Briefly, mice were anesthetized with 300 mg/kg 1.25% Avertin solution (1.25 g 2,2,2-tribromoethanol; Sigma-Aldrich Corp.), 2.5 mL tertiary-amyl alcohol (Sigma-Aldrich Corp.) in 100 mL PBS. Proparacaine (5 μL, 0.5%; Akorn, Inc., Buffalo Grove, IL, USA) was applied for cornea analgesia. Body temperature was maintained on a temperature-controlled heat pad (Bioanalytical System, Inc., West Lafayette, IN, USA) at 37°C during the experiment. The anterior chamber was cannulated with a 33-gauge needle (World Precision Instruments, Inc., Sarasota, FL, USA), which was connected to a reservoir of sterile PBS, pH 7.4. The container was elevated to raise the IOP to 120 mm Hg for 50 minutes. The IOP was monitored by a calibrated pressure transducer (Argon Medical Devices, Athens, TX, USA), and the absence of retinal blood flow was confirmed by direct ophthalmoscopy. The contralateral eye was untreated and served as a control. Following ischemic injury and recovery from anesthesia, the pupil light reflex was verified as present and not different from the contralateral control eye. Then the eyes were allowed to reperfuse for a different period of time depending on the experimental endpoint being evaluated. To evaluate structural and functional injury, retinas were allowed to reperfuse for 7 days. To evaluate changes in ASMase activity and TNF-α, tissues were collected at 90 minutes and 4 hours, respectively. Changes in sphingolipids were evaluated following 2 and 24 hours of reperfusion.

Sphingolipid Analyses {#s2c}
---------------------

Retinas were collected in lysis buffer (50 mM Tris-base, 1.0 mM EDTA, 0.2% Triton X-100, 1× protease inhibitor, pH 7.4). These retinas were lysed by brief sonication. Tissue debris and unbroken cells were pelleted and removed by centrifugation at 300*g* for 5 minutes at 4°C. Cellular homogenates (0.5 mg) were used for the sphingolipid analyses, which were performed by Lipidomics Core Facility (Medical University of South Carolina, Charleston, SC, USA), using high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) as previously described, using electrospray ionization/tandem mass spectrometry (ESI-MS/MS), using a triple-stage quadrupole mass spectrometer (TSQ 7000; Thermo Finnigan, San Jose, CA, USA), operating in a multiple reaction monitoring positive ionization mode as described previously.^[@i1552-5783-57-10-4476-b46]^

Electroretinograms {#s2d}
------------------

Mice were dark-adapted overnight and anesthetized using xylazine (20 mg/kg, intraperitoneally) and ketamine (80 mg/kg, intraperitoneally). Pupils were dilated with phenylephrine hydrochloride (2.5%; Akorn) and atropine sulfate (1%; Bausch & Lomb, Tampa, FL, USA). Contact lens electrodes were placed on both eyes accompanied by 2.5% hypromellose ophthalmic demulcent solution (Goniovisc; HUB Pharmaceuticals, LLC, Rancho Cucamonga, CA, USA). Full-field scotopic electroretinograms (ERGs) were recorded as described previously,^[@i1552-5783-57-10-4476-b47]^ using universal testing and electrophysiologic system 2000 (UTAS-2000; LKC Technologies, Gaithersburg, MD, USA). Single white flashes (10 ms) with intensity of 2.48 cd/s/m^2^ were used for stimulation. No frequency filtering was used. A-wave amplitudes were measured from baseline to the a-wave trough. The b-wave amplitudes were measured from the a-wave trough to the peak of the b-wave. ERGs were recorded 24 hours before the retinal ischemia and 7 days post ischemia.

Histology {#s2e}
---------

For morphometric analyses, mouse eyes were enucleated and fixed in freshly made 4% paraformaldehyde in 0.1 M PBS for 2 hours at 4°C. After fixation, the tissues were dehydrated and embedded in paraffin. Retinal cross-sections (5 μm thick) were then cut and stained with hematoxylin and eosin (Sigma-Aldrich Corp.). Only sections through the optic nerve were used. Retinal sections were photographed and measured approximately 2 to 3 disc diameters from the optic nerve, using an Axioplan II microscope (Carl Zeiss, Inc., Germany) and a 20× objective lens. The number of cells in the retinal ganglion cell layer was determined by cell counts over a distance scale of 200 μm. Morphologic values for each retina were determined from three sections for each eye, and *n* ≥6 eyes were included for each group.

ASMase Activity Assay {#s2f}
---------------------

Retinas were isolated 90 minutes after the ischemic injury, and lysed in lysis buffer (50 mM sodium acetate, 1 mM EDTA, 1% Triton X-100, protease inhibitor cocktail, pH 5.0) by brief sonication. The lysates were centrifuged at 12,000*g* for 4 minutes, and the supernatants were used for measuring ASMase activity by using commercial Amplex Red sphingomyelinase assay kit following the manufacture\'s instruction (Molecular Probes, Eugene, OR, USA). The samples or negative controls were incubated with 10 μL of the 5 mM sphingomyelin solution for 1 hour at 37°C, protected from light; then working solution of 100 μM Amplex Red reagent containing 2 U/mL horseradish-peroxidase, 0.2 U/mL choline oxidase, and 8 U/mL alkaline phosphatase, was added and incubated for 2 hours. Fluorescence was measured using a fluorescence microplate reader at excitation of 530 nm and emission detection at 590 nm. The actual readings were corrected for background fluorescence by subtracting the values derived from the negative control and normalized to protein levels.

TNF-α Analysis {#s2g}
--------------

Retinas were collected at 4 hours after ischemia, and retina extracts were used to measure TNF-α by commercial ELISA kits following the manufacture\'s instruction (eBioscience, San Diego, CA, USA). Briefly, retina extracts were incubated in 96-well plates coated with monoclonal antibody specific for mouse TNF-α. After washing, biotin-conjugated anti-mouse TNF-α (polyclonal) and avidin-horseradish peroxidase antibodies were added and incubated in accordance with the manufacturer\'s instructions. After washing, a substrate solution was added to each well. The enzyme reaction was ended by adding stop solution. Absorbance was measured at 450 nm. Using a standard curve prepared from different dilutions of recombinant TNF-α standard, we calculated each concentration of TNF-α for the retina extracts.

Cell Culture {#s2h}
------------

The primary human optic nerve head astrocytes were isolated and cultured as previously described.^[@i1552-5783-57-10-4476-b48]^ Prior to the study, confluent astrocyte cultures were serum-starved overnight and pretreated with desipramine (20 μM; Sigma-Aldrich Corp.) or vehicle for 1 hour. Cells were then treated with TNF-α (10 ng/mL; R&D System, Inc., Minneapolis, MN, USA) for 15 minutes.

Western Blotting {#s2i}
----------------

Following the treatment period, cells were harvested and homogenized in lysis buffer (50 mM Tris-base; 10 mM EDTA; 0.5 mM sodium orthovanadate; 0.5% sodium deoxycholic acid; 1% Triton X-100 and protease inhibitor cocktail (Roche Diagnostics Corp., Indianapolis, IN, USA); pH 7.4). Equal amounts of total protein from each lysate were loaded onto NuPAGE Novex 4-12% bis-Tris protein gels (Life Technologies Corp., Carlsbad, CA, USA) and subjected to Western blot analysis using primary antibodies, followed by horseradish-peroxidase-labeled secondary antibody (1:5000 dilution;, Santa Cruz Biotechnology, Inc., Dallas, TX, USA). The signals were detected using enhanced chemoluminescence reagents (Thermo Scientific, Waltham, MA, USA). The primary antibodies against p-p38 (1:1000 dilution) and p38 antibody (1:1000 dilution) were purchased from Cell Signaling Technology (Danvers, MA, USA). β-Actin antibody (1:2000 dilution) was purchased from Sigma-Aldrich Corp.

Statistics {#s2j}
----------

For all experiments, data are mean ± SEM. Data were analyzed using a 2-tailed Student\'s *t*-test or ANOVA. A *P* value \< 0.05 was considered significant.

Results {#s3}
=======

Effect of Retinal Ischemia on Sphingolipid Profile {#s3a}
--------------------------------------------------

To investigate whether acute retinal ischemic injury could alter the sphingolipid profile, retinas were isolated 2 or 24 hours after ischemia, and homogenates were analyzed by mass spectrophotometry. As shown in [Figure 1](#i1552-5783-57-10-4476-f01){ref-type="fig"}A, [2](#i1552-5783-57-10-4476-f02){ref-type="fig"} hours after ischemic injury, the ceramide levels were elevated in ischemic retinas ([Fig. 1](#i1552-5783-57-10-4476-f01){ref-type="fig"}, black bars) compared with the contralateral retinas ([Fig. 1](#i1552-5783-57-10-4476-f01){ref-type="fig"}, white bars). Ceramide lipids (C14-Cer, C16-Cer, C18-Cer, C18:1-Cer, C26-Cer, dehydro C16-Cer) and sphingosine displayed significant increases (*P* \< 0.05). Among these ceramides, C16-Cer, C18-Cer, and C20-Cer were the dominant retinal forms and exhibited robust elevations (110.5 ± 19.3%, 107.1 ± 38.0%, and 145.8 ± 19.9%, respectively) following ischemic injury. No significant changes were detected in the sphingomyelin profile between contralateral and ischemic retinas ([Fig. 1](#i1552-5783-57-10-4476-f01){ref-type="fig"}B). The elevation of ceramide was maintained up to 24 hours postischemic injury, and no significant differences in total ceramide levels were measured between 2 and 24 hours ([Fig. 2](#i1552-5783-57-10-4476-f02){ref-type="fig"}). A comparison of retinal ceramide levels from contralateral eyes of wild-type mice with those of ASMase^+/−^ mice demonstrated that total retinal ceramide in ASMase^+/−^ retinas was significantly lower than that in wild-type mice. This reduction was primarily due to the reduction in isoforms C16-Cer and C18-Cer ([Fig. 3](#i1552-5783-57-10-4476-f03){ref-type="fig"}). Analysis of retinas from ASMase^+/−^ mice 2 hours following ischemic injury demonstrated that the ischemia-induced rise in total ceramide and individual isoforms (C16-Cer, C18-Cer, C18:1-Cer, and C20-Cer) were significantly reduced compared to the ischemic retinas from wild-type mice ([Fig. 3](#i1552-5783-57-10-4476-f03){ref-type="fig"}).

![Ceramide and SM profiles of contralateral and ischemic retinas in wild-type mice 2 hours after the retinal ischemic injury. (**A**) Ceramide profile and (**B**) sphingomyelin profile in contralateral (*white*) and ischemic (*black*) retinas. Data are mean ± SEM; *n* = 4. \**P* \< 0.05.](i1552-5783-57-10-4476-f01){#i1552-5783-57-10-4476-f01}

![Comparison of ceramide profiles in wild-type retinas at 2 and 24 hours after the retinal ischemic injury. (*Inset*) Total ceramide level at 2 and 24 hours after the retinal ischemic injury. Data are mean ± SEM; *n* = 4.](i1552-5783-57-10-4476-f02){#i1552-5783-57-10-4476-f02}

![Ceramide profile in ASMase^+/+^ and ASMase^+/−^ retinas in control and ischemic retinas 2 hours after the ischemic injury. Inset presents the total ceramide level in ASMase^+/+^ and ASMase^+/−^ retinas. Data are mean ± SEM; *n* = 4. \*Significant differences from ASMase^+/−^ contralateral to wild-type contralateral eyes (*P* \< 0.05); \*\*Significant differences from ASMase^+/−^ ischemic eyes to wild-type ischemic eyes.](i1552-5783-57-10-4476-f03){#i1552-5783-57-10-4476-f03}

To determine whether ischemia alters retinal ASMase activity, retinas from both the wild-type and the ASMase^+/−^ mice were isolated 90 minutes after ischemia. In wild-type mice, ischemia induced a 29.8% increase in ASMase activity compared with retinas from contralateral eyes. In control retinas from ASMase^+/−^ mice, ASMase activity was reduced by 35 ± 7.8% compared to that in the corresponding retinas from wild-type mice ([Fig. 4](#i1552-5783-57-10-4476-f04){ref-type="fig"}). No increase in retinal ASMase activity was measured in the ASMase^+/−^ mice following ischemia.

![Effect of retinal ischemia on ASMase activity changes in ASMase^+/+^ (*black*) and ASMase^+/−^ (*white*) retinas before and 90 minutes after the retinal ischemic injury. Data are mean ± SEM; *n* = 4. \**P* \< 0.05.](i1552-5783-57-10-4476-f04){#i1552-5783-57-10-4476-f04}

Effect of Reduced ASMase Expression on Retinal Ischemic Injury {#s3b}
--------------------------------------------------------------

In wild-type mice (*n* = 5), baseline ERG a- and b-wave amplitudes were 309.9 ± 17.9 and 584.54 ± 28.8 μV, respectively. In ASMase^+/−^ mice (*n* = 8), baseline ERG amplitudes (a-wave: 321.0 ± 10.5; and b-wave: 583.8 ± 18.7 μV) were not significant from amplitudes measured in wild-type mice. Seven days postischemic injury, wild-type mice exhibited a significant decrease in mean a- and b-wave amplitudes from baseline levels of 61 ± 0.9% and 61 ± 12.3%, respectively ([Fig. 5](#i1552-5783-57-10-4476-f05){ref-type="fig"}). In ASMase^+/−^ mice, 7 days postischemic injury, ERG a-and b-waves were reduced by 38 ± 9.1% and 25 ± 4.6% of baseline levels, respectively. These reductions in amplitude in ASMase^+/−^ mice were significant (*P* ≤ 0.05) compared to baseline measurements. However, comparing post ischemic a- and b-wave amplitudes in ASMase^+/−^ mice to that in wild-type mice demonstrated that post ischemic reductions of a- and b-wave amplitudes were significantly less (*P* ≤ 0.05) in ASMase^+/−^ mice. No significant differences in contralateral a- and b-wave amplitudes between wild-type and ASMase^+/−^ mice were measured at study day 7 ([Fig. 5](#i1552-5783-57-10-4476-f05){ref-type="fig"}).

![Effect of ASM inhibition on ERG response. Representative ERGs in (**A**) ASMase^+/+^ and ASMase^+/−^ mice 24 hours before ischemia and 7 days postischemic injury. (**B**) Analyses of ERG a-wave amplitudes and (**C**) b-wave amplitudes before and 7 days postischemic injury in ASMase^+/+^ (*white*) and ASM^+/−^ (*black*) mice. ERGs were obtained by averaging two responses to 2.48 cd/s/m^2^ flashes with an interstimulus interval of 2 minutes. Data were normalized to the percentage of pre-ischemia baseline level and are mean ± SEM; *n* = 4. \**P* \< 0.05.](i1552-5783-57-10-4476-f05){#i1552-5783-57-10-4476-f05}

Morphometric analysis was used to assess retina structural changes 7 days following unilateral retinal ischemic injury. In wild-type mice, the ischemic injury produced 23 ± 3.7% decrease in overall retina thickness compared to that in contralateral eyes ([Fig. 6](#i1552-5783-57-10-4476-f06){ref-type="fig"}; [Table](#i1552-5783-57-10-4476-t01){ref-type="table"}). This reduction in thickness was mainly due to the thinning of the inner plexiform layer, inner nuclei layer, and photoreceptor layers. Following ischemic injury, wild-type mice also exhibited a significant loss (51 ± 5.5%) in cell bodies from the ganglion cell layer ([Table](#i1552-5783-57-10-4476-t01){ref-type="table"}). In ASMase^+/−^ mice, a significant thinning in the inner plexiform layer and total retina thickness was measured, as well as a reduction in cell body numbers in the ganglion cell layer. However, a comparison between retinal morphology of wild-type and that of ASMase^+/−^ mice revealed that at 7 days postischemic injury retinal layer thickness and ganglion cell body counts in retinas from ASMase^+/−^ were significantly greater than corresponding measurements from wild-type mice. No significant morphologic differences were detected in contralateral retinas between wild-type and ASMase^+/−^ mice at study day 7 ([Fig. 6](#i1552-5783-57-10-4476-f06){ref-type="fig"}; [Table](#i1552-5783-57-10-4476-t01){ref-type="table"}).

![Effect of ASM inhibition on retinal morphology change after retinal ischemic injury. Images of representative retinal cross-sections of contralateral eyes and ischemic eyes from ASMase^+/+^ and ASMase^+/−^ mice. All images were taken 2 to 3 disc diameters from the optic nerve.](i1552-5783-57-10-4476-f06){#i1552-5783-57-10-4476-f06}

###### 

Analyses of Contralateral and Ischemic Retinas in Wild-Type and ASMase^+/−^ Mice

![](i1552-5783-57-10-4476-t01)

Effect of Reduced ASMase Expression on Inflammatory Signaling {#s3c}
-------------------------------------------------------------

Retinas were collected at 4 hours after ischemia, and retinal TNF-α levels were determined by ELISA. In retinas from wild-type mice, ischemia induced a 3.2-fold increase in TNF-α compared to the levels measured in the contralateral retinas ([Fig. 7](#i1552-5783-57-10-4476-f07){ref-type="fig"}). Although TNF-α levels also increased in ischemic ASMase^+/−^ retinas, those levels were significantly lower than the levels from ischemic wild-type retinas. In the wild-type mice, administration of the ASMase inhibitor desipramine (10 mg/kg) significantly suppressed the ischemia-induced rise in TNF-α levels by 52 ± 12.4% compared to the ischemic retinas from control mice.

![Measurement of TNF-α levels in contralateral and ischemic retinas from ASMase^+/+^ and ASMase^+/−^ mice and desipramine-treated ASMase^+/+^ mice by ELISA. Data are mean ± SEM; *n* = 4. \**P* \< 0.05.](i1552-5783-57-10-4476-f07){#i1552-5783-57-10-4476-f07}

Astrocytes play a major role in modulating ischemic retinal injury. Hence, cultured primary human astrocytes, derived from the optic nerve head, were utilized to assess the involvement of ASMase on activation (phosphorylation) on the stress-activated MAP kinase, p38. Astrocyte cultures treated with TNF-α (10 ng/mL) for 15 minutes exhibited a significant increase in p38 phosphorylation over the control level ([Fig. 8](#i1552-5783-57-10-4476-f08){ref-type="fig"}). This increase in p38 phosphorylation was significantly reduced in cultures pretreated (15 minutes) with the ASMase inhibitor, desipramine (20 μM). Treatment of astrocytes with desipramine alone did not significantly alter the levels of p38 phosphorylation.

![Effect of the ASMase inhibitor desipramine on TNF-α-induced activation of p38. Representative Western blot of phospho-p38 MAP kinase in human astrocytes cultured from optic nerve head with and without the pretreatment of desipramine (15 minutes). Densitometric analysis of changes in phospho-p38 compared to levels in controls. Data are mean ± SEM; *n* = 4. \**P* \< 0.05.](i1552-5783-57-10-4476-f08){#i1552-5783-57-10-4476-f08}

Discussion {#s4}
==========

Ceramides are a family of bioactive lipid molecules, which have been shown to modulate many physiological functions. In addition, these lipids have been shown to contribute to the pathogenesis of various cancers, diabetes, obesity, inflammatory conditions, microbial infections, and neurodegenerative disorders.^[@i1552-5783-57-10-4476-b03],[@i1552-5783-57-10-4476-b49],[@i1552-5783-57-10-4476-b50]^ One of the most studied roles of ceramides is their function as proapoptotic molecules. Several in vivo ischemia-reperfusion models have provided evidence that ceramides can contribute to the apoptotic process.^[@i1552-5783-57-10-4476-b24],[@i1552-5783-57-10-4476-b26][@i1552-5783-57-10-4476-b27][@i1552-5783-57-10-4476-b28]--[@i1552-5783-57-10-4476-b29],[@i1552-5783-57-10-4476-b31],[@i1552-5783-57-10-4476-b33][@i1552-5783-57-10-4476-b34][@i1552-5783-57-10-4476-b35][@i1552-5783-57-10-4476-b36][@i1552-5783-57-10-4476-b37]--[@i1552-5783-57-10-4476-b38]^

The endogenous levels and turnover of the sphingolipid molecules are regulated by multiple enzymes and pathways. Ceramides can be produced through multiple mechanisms including hydrolysis of sphingomyelin by sphingomyelinase, de novo synthetic and salvage pathways.^[@i1552-5783-57-10-4476-b03],[@i1552-5783-57-10-4476-b51],[@i1552-5783-57-10-4476-b52]^ In the normal nonischemic retina, the three dominant ceramides are C16, C18, and C20 ([Fig. 1](#i1552-5783-57-10-4476-f01){ref-type="fig"}). This pattern provides evidence that ceramide synthase 1, 4, and 6 (CerS1, CerS4, and CerS6) are the predominant isoforms contributing to de novo ceramide synthesis in retinas.^[@i1552-5783-57-10-4476-b53][@i1552-5783-57-10-4476-b54]--[@i1552-5783-57-10-4476-b55]^

In the current study, we found that acute retinal ischemic injury significantly increased the ceramide levels as early as 2 hours after injury and that these levels remained elevated up to 24 hours post ischemia. As shown in [Figure 3](#i1552-5783-57-10-4476-f03){ref-type="fig"}, the increase in ceramides was dependent on the normal expression of ASMase. However, we did not measure any significant changes in the level of sphingomyelins following ischemic injury. Stress-induced elevations in ceramides, in the absence of measureable reductions in sphingomyelin levels, can indicate an increase in de novo pathway activity.^[@i1552-5783-57-10-4476-b56]^ However, in tissues where the sphingomyelin-to-ceramide ratio is high (e.g., 10:1), SMase-dependent increases in ceramide levels have been measured without corresponding significant reductions in sphingomyelin.^[@i1552-5783-57-10-4476-b03],[@i1552-5783-57-10-4476-b57]^ In the retina, sphingomyelins-to-corresponding ceramide ratios ranged from 12:1 to 122:1 based on our sphingolipid profiles ([Fig. 1](#i1552-5783-57-10-4476-f01){ref-type="fig"}). Hence, significant increases in the ceramide production via ASMase hydrolysis can likely occur without significantly reducing the levels of sphingomyelin. Overall, our results provide evidence that the ischemia-induced increase in ceramides is dependent upon ASMase hydrolysis; however, the involvement of the de novo and salvage pathways in this increase cannot be completely discounted. It should also be noted that activation of NSMase has been linked to ischemic brain injury.^[@i1552-5783-57-10-4476-b25],[@i1552-5783-57-10-4476-b32][@i1552-5783-57-10-4476-b33]--[@i1552-5783-57-10-4476-b34],[@i1552-5783-57-10-4476-b58],[@i1552-5783-57-10-4476-b59]^ Hence, understanding all the pathways that contribute to the rise in ceramides observed in ischemic retinas from ASMase^+/−^ mice will require additional study.

Previous studies in the brain have demonstrated that ASMase plays a critical role in ischemia-induced cytokine production and neuronal apoptosis and that ASMase inhibition can reduce both inflammation and apoptosis.^[@i1552-5783-57-10-4476-b35]^ Mechanistic studies have shown that ASMase can regulate both cytokine production and p38 MAPK activation.^[@i1552-5783-57-10-4476-b60],[@i1552-5783-57-10-4476-b61]^ However, the ability of ASMase to influence p38 signaling is not observed in all cells.^[@i1552-5783-57-10-4476-b62],[@i1552-5783-57-10-4476-b63]^ Our results demonstrated that ischemic retinal injury in wild-type mice increased the levels of ceramides and TNF-α and that by comparison both responses were suppressed in retinas from ASMase^+/−^ mice. Using cultured astrocytes, we demonstrated that the ASMase inhibitor desipramine also blocked the TNF-α-induced activation of p38 MAP kinase, revealing a critical role for ASMase in TNF-α signaling in astrocytes. Although the underlying mechanisms regarding how ASMase modulates these signals in astrocytes will require additional investigations, these mechanisms may include the transactivation of cytokines (e.g., IL-1β or IL-6) potentiates the activation of ASMase-dependent sphingolipid signaling and ultimately results in autocrine activation by sphingosine-1-phosphate.^[@i1552-5783-57-10-4476-b60],[@i1552-5783-57-10-4476-b63]^ Despite the complexities of retinal sphingolipid metabolism, our results support the idea that the increased ceramide levels contribute to inflammatory signaling in the ischemic retina and the resulting neurodegenerative response to ischemia is due to the increased ASMase activity and/or expression.

To investigate whether reduced expression of ASMase provides functional and structural protection of the retina, wild-type and ASMase^+/−^ mice received unilateral ischemic retinal injury and allowed to recover for seven days. As shown in [Figure 5](#i1552-5783-57-10-4476-f05){ref-type="fig"}, ERG responses from wild-type mice 7 days post injury exhibited mean deficits in a- and b-wave amplitudes of 61 ± 0.9% and 61 ± 12.3%, respectively. In ASMase^+/−^ mice that received unilateral ischemic retinal injury, ERG a- and b- wave amplitudes exhibited significant declines compared to contralateral (nonischemic) eyes; however, these reductions were significantly less than those measured in wild-type mice. However, it should be noted that using contralateral eyes as controls may obscure contralateral changes resulting from ipsilateral retinal and optic nerve degeneration. Morphologic measurements demonstrated that ischemic injury produced significant degeneration in most retinal layers; however, this degenerative response was also significantly reduced in ASMase^+/−^ mice. These results are consistent with the idea that suppressing ASMase activity can provide structural and functional protection from ischemic injury.

Finally, it should also be noted that wild-type mice used in these studies exhibited greater a-wave deficits than those observed in previous studies without corresponding increases in photoreceptor degeneration.^[@i1552-5783-57-10-4476-b64]^ These results provide evidence that maintaining photoreceptor architecture is not sufficient to preserve photoreceptor function and that the C57/BL6 is functionally more sensitive to ischemic injury than previous mouse strains evaluated by this laboratory.^[@i1552-5783-57-10-4476-b64]^

In summary, studies in brain, heart, liver, and kidney have shown that the activation of ASMase is an early event in apoptotic and necrotic processes.^[@i1552-5783-57-10-4476-b15]^ The current study revealed that acute retinal ischemia results in the rapid increase in ASMase activity leading to a rise in the levels of multiple ceramides, the secretion of TNF-α and eventual retinal degeneration. In addition, we found that reducing ASMase expression suppressed this sequelae of events and partially protected the retina from retinal ischemic injury. These results provided evidence that sphingolipid metabolism plays an important role in the development of ischemic retinal injury. Hence, the identifying strategies to inhibit ASMase may provide new opportunities to treat ischemic retinal disorders in adults.
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